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Progress has been made in elucidating the cell-
surface phenotype of primary adipose progenitors;
however, specific functional markers and distinct
molecular signatures of fat depot-specific preadipo-
cytes have remained elusive. In this study, we label
committed murine adipose progenitors through
expression of GFP from the genetic locus for
Zfp423, a gene controlling preadipocyte determina-
tion. Selection of GFP-expressing fibroblasts from
either subcutaneous or visceral adipose-derived
stromal vascular cultures isolates stably committed
preadipocytes that undergo robust adipogenesis.
Immunohistochemistry for Zfp423-driven GFP
expression in vivo confirms a perivascular origin of
preadipocytes within both white and brown adipose
tissues. Interestingly, a small subset of capillary
endothelial cells within white and brown fat also
express this marker, suggesting a contribution of
specialized endothelial cells to the adipose lineage.
Zfp423GFP mice represent a simple tool for the
specific localization and isolation of molecularly
defined preadipocytes from distinct adipose tissue
depots.
INTRODUCTION
Adipose cells are a key component of mammalian energy
homeostasis. Brown fat cells are specialized to dissipate chem-
ical energy in the form of heat, and serve to protect mammals
from hypothermia and defend against obesity (Cannon and Ne-
dergaard, 2004). White fat cells represent the main site of energy
storage, containing a single large lipid droplet and the enzymatic
machinery to both synthesize and hydrolyze triglycerides. Fat
cells secrete a large number of polypeptides (adipokines) that
affect various aspects of energy homeostasis, including food
intake, insulin sensitivity, and blood pressure (Rosen and Spie-
gelman, 2006). Adipocytes have historically been described as
‘‘white’’ or ‘‘brown’’; however, more recent molecular studies230 Cell Metabolism 15, 230–239, February 8, 2012 ª2012 Elsevier Inhave revealed that white adipose tissues (WATs) located in
different anatomical regions contain adipocytes that exhibit
stable and intrinsic differences in gene expression and adipo-
kine secretion (Gesta et al., 2006; Perrini et al., 2008; Vidal,
2001; Vohl et al., 2004). This implies that multiple types of white
adipocytes exist in mammals and make different contributions
to the maintenance of energy balance. In fact, numerous
studies indicate that obese individuals accumulating fat in the
visceral (abdominal) compartment are at much greater risk for
developing type 2 diabetes and cardiovascular events than
body mass index-matched individuals whose adiposity is
more prevalent in the subcutaneous regions (Kissebah and Kra-
kower, 1994).
The global epidemic of obesity and metabolic syndrome has
increased the urgency of understanding more fully how these
various types of adipocytes develop. Committed fat cell precur-
sors, or preadipocytes, are fibroblastic cells that are morpholog-
ically indistinguishable from non-adipogenic fibroblasts, and can
be found amongmany loose connective tissues. They are partic-
ularly abundant within the stromal-vascular (SV) fraction of adult
adipose tissue. Light and electron microscopy studies from over
40 years ago first suggested a close association of adipose
progenitors to the adipose tissue vasculature, with immature/
developing adipocytes residing in a pericyte position along capil-
lary endothelial cells (Barnard, 1969; Cameron and Smith, 1964;
Cinti et al., 1984; Flemming, 1871; Hausman et al., 1980; Napo-
litano, 1963; Poljakoff, 1888; Tedeschi, 1960; Toldt, 1870; Was-
serman, 1926, 1929, 1960, 1965). Importantly, subsets of mural
cells in the WAT blood vessels express Pparg, the master regu-
latory gene of adipocyte differentiation (Tang et al., 2008); in
addition, several recent studies have clearly demonstrated that
perivascular cells isolated from adipose tissue have the ability
to differentiate into adipocytes (Amos et al., 2008; Crisan et al.,
2008; Traktuev et al., 2008; Zannettino et al., 2008; Zimmerlin
et al., 2010).
A significant barrier to understanding the developmental and
functional differences between adipose depots has been the
inability to selectively localize and purify comparable populations
of stably committed preadipocytes from distinct adipose
tissues. Current approaches have utilized cell-surface markers
to enrich for adipose progenitor populations (Joe et al., 2009,
2010; Rodeheffer et al., 2008; Schulz et al., 2011; Sengene`s
et al., 2005; Uezumi et al., 2010; Xu et al., 2011; Zimmerlinc.
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an elegant cell-sorting strategy to identify and isolate a rare
but highly adipogenic progenitor population capable of differ-
entiating into functional adipocytes both in vitro and in vivo
(Rodeheffer et al., 2008). However, the markers utilized
(Sca-1, CD24, and CD34) are not individually specific for the
adipose lineage, and some are functionally dispensible for the
initial formation of adipose progenitors (Staszkiewicz et al.,
2012). In addition, the molecular identity and gene expression
program of primary committed preadipocytes from different
depots remain incompletely understood. Moreover, these
markers do not provide a simple method for localizing adipose
precursors in vivo.
In other areas of developmental biology, the elucidation of
hierarchical relationships among transcription factors that
govern the formation of specific cell types has greatly facilitated
the localization and isolation of defined progenitors at different
stages of differentiation. Defining precursor populations of
various developmental stages on the basis of transcription factor
gene expression has been particularly useful in the study of
myogenesis, hematopoesis, and pancreatic endocrine cell
development (David-Fung et al., 2009; Mellitzer et al., 2004;
Montarras et al., 2005; White et al., 2008; Wilson et al., 2003).
Much of our current understanding of the transcriptional basis
of adipogenesis is based on studies using the established 3T3
preadipocyte cell lines first isolated by Green and colleagues
(Green and Kehinde, 1975, 1976; Green and Meuth, 1974).
Mainly relying on this system, a canonical pathway for the differ-
entiation of fat cells from preadipocytes has been elucidated
(Farmer, 2006). Gain- and loss-of-function studies in vitro and
in vivo clearly indicate that adipocyte differentiation is driven
by the nuclear hormone receptor PPARg, but also modulated
by other key regulators such as the C/EBP and EBF families of
transcription factors (Akerblad et al., 2002; Barak et al., 1999;
Farmer, 2006; Jimenez et al., 2007; Kubota et al., 1999; Rosen
et al., 1999; Tontonoz et al., 1994). Importantly, the functions
of many of these regulators identified in the immortalized murine
adipose cell systems have been confirmed in vivo, in mouse
models or human studies. Most notably, humanswith genetically
reduced PPARg function are lipodystrophic and severely insulin
resistant (Barroso et al., 1999).
We recently identified Zfp423, a multi-zinc finger transcrip-
tional regulator, as an essential functional determinant of prea-
dipocyte commitment (Gupta et al., 2010). Unlike many early
transcriptional regulators of adipocyte differentiation (e.g.,
C/EBP family), Zfp423 expression is enriched in numerous
immortalized preadipocyte cell lines when compared to
numerous fibroblast cell lines with little propensity for adipocyte
differentiation. Furthermore, Zfp423 functions within preadipo-
cytes to regulate a large number of preadipocyte genes char-
acteristic of committed murine 3T3 preadipocytes, including
the basal preadipocyte expression of Pparg. Zfp423 is both
necessary and sufficient for adipocyte differentiation in culture,
and is required for the initial formation of white and brown
adipose tissue (BAT) in vivo. Since Zfp423 acts upstream of
Pparg and other preadipocyte-enriched genes and is ex-
pressed abundantly in the SV fraction of brown and white
adipose tissues (Gupta et al., 2010), the selective purification
of Zfp423-expressing fibroblasts from adipose depots could,Cell Min principle, provide a relatively simple, rapid method for
localizing and isolating committed and functionally relevant
preadipocytes.
RESULTS
Derivation of Zfp423GFP Preadipocyte Reporter Mice
To genetically label committed adipose progenitors, we derived
transgenic mice expressing GFP from the Zfp423 genetic
locus. In brief, starting with a 200 kilobase (kb) pair bacterial
artificial chromosome (BAC) containing 150 kb of sequence
upstream of exon 1, the initiation codon of Zfp423 was re-
placed by the enhanced GFP (eGFP) coding sequence followed
by a polyadenylation signal sequence (Figure 1A). Importantly,
this modified BAC does not encode any functional domains
of Zfp423 or contain full-length coding sequence of any other
annotated genes. Proper targeting of the engineered BAC
was verified by PCR (Figure 1A) and DNA sequencing. We
analyzed the RNA expression of GFP in the five founder lines
derived and identified two founders in which GFP-positive cells
were greatly enriched for Zfp423 messenger RNA (mRNA
levels, compared to the GFP negative cells (see below). In addi-
tion, the distribution of GFP mRNA across tissues in adult mice
closely followed the pattern of Zfp423 expression (Figure S1A
available online). These two founder lines yielded very similar
results in the experiments described below, and we therefore
have included only data from a single reporter line (Zfp423GFP
mice) here.
GFP-Expressing Cells from Both Subcutaneous and
Visceral SV Cultures Are Functional Determined
Preadipocytes
Cultures of SV cells from adult adipose depots contain both
stably committed preadipose fibroblasts and nonadipogenic
fibroblastic cells. Functional markers that define the adipose
progenitors within SV cultures of adult adipose tissues are lack-
ing. Moreover, the stable molecular differences between
primary adipogenic and non-adipogenic fibroblasts have not
been fully elucidated. We first plated cells from the SV fractions
of adipose tissues in culture to eliminate nonadherent blood
cells and to enrich for fibroblastic cells, both preadipose and
nonpreadipose, by allowing them to proliferate for 3–4 days.
We then evaluated the abundance of GFP-expressing cells in
cultures obtained from either epididymal (visceral) or inguinal
(subcutaneous) fat depots of 6- to 8-week-old mice. GFP+ cells
can be detected by microscopy in SV cultures from both
epididymal and inguinal fat depots (data not shown). The rela-
tive abundance of GFP+ cells within SV cultures from each
depot was determined by flow cytometry and 50% and
85% of the cells are GFP+ within the epididymal and inguinal
SV cultures respectively (Figures 1B and 1C). These numbers
generally correlate with the percentage of cells within SV
cultures that undergo adipogenesis under potent stimuli
in vitro (data not shown; see the Experimental Procedures).
Importantly, GFP expression can be detected in nearly all
adipocytes derived from differentiated SV cultures, consistent
with the continued expression of Zfp423 throughout adipocyte
differentiation (Figure S1B). To determine whether selecting for
GFP+ cells enriches for Zfp423 mRNA expression, we sortedetabolism 15, 230–239, February 8, 2012 ª2012 Elsevier Inc. 231
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Figure 1. Derivation andCharacterization of
Zfp423GFP Transgenic Mice
(A) Genomic structure of Zfp423GFP transgene
modified from bacterial artificial chromosome
(BAC) RP23-102G4. Coding sequence of
enhanced GFP (eGFP) followed by a poly-
adenylation signal (polyA) was inserted into the
initiation codon of Zfp423 located in exon 1.
Proper targeting of the BAC was verified by
sequencing and PCR analysis with primers as
shown (P1–P4).
(B) Quantitation of GFP+ cells in cultures of
epididymal SV cells passaged three to four times
after initial isolation. Cells were defined as GFP+
(shown in green) if fluorescent intensity was clearly
greater than background fluorescence levels in
wild-type (WT) cultures (shown in red) (see Fig-
ure S1). Approximately 50% of the cells within the
SV cultures from this depot are GFP+.
(C) Quantitation of GFP+ cells in cultures of
inguinal SV cells passaged three to four times after
initial isolation. Approximately 85% of the cells
within the SV cultures from this depot are GFP+.
(D) Relative mRNA levels of GFP and Zfp423 in
purified GFP+ and GFP– cells from epididymal SV
cultures.
(E) Relative mRNA levels of GFP and Zfp423 in
purified GFP+ and GFP– cells from inguinal SV
cultures. n = 3 replicates.
Error bars represent mean + SD from the mean.
* denotes p < 0.05 from Student’s t test. See also
Figure S1.
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Zfp423 Expression Identifies Adipose PrecursorsGFP– cells and an equal number of GFP+ cells from the undif-
ferentiated SV cultures (Figure S2). Both GFP and Zfp423
mRNA levels were enriched in GFP+ cells compared to the
GFP– cells, indicating that GFP expression within the adipose
lineage of Zfp423GFP mice faithfully mimics Zfp423 expression
(Figures 1D and 1E).
GFP+ and GFP– cells grew at similar rates in culture and had
similar morphologies; we then tested the functional capacity of
these cells to undergo adipocyte differentiation. Cultures from
epididymal GFP+ cells differentiated robustly into lipid-contain-
ing adipocytes (Figure 2A), expressing genes characteristic of
fully differentiated fat cells such as Fabp4 (aP2) and adiponectin
(Figure 2B). On the other hand, even under these strongly proa-
dipogenic conditions (see the Experimental Procedures), the
GFP– cells from this depot failed to undergo adipocyte differen-
tiation, as evidenced by absence of lipid-containing adipocytes
or adipocyte gene expression in differentiated cultures (Figures
2A and 2B). Similarly, GFP+ cells isolated from inguinal fat SV
cultures differentiated robustly into lipid-containing adipocytes
(Figure 2C), abundantly expressing Fabp4 (aP2) and adiponectin
(Figure 2D). The GFP– SV cells derived from the inguinal
depot undergo adipocyte differentiation to a far less extent,
with only few lipid-containing adipocytes and low levels of232 Cell Metabolism 15, 230–239, February 8, 2012 ª2012 Elsevier Inc.adipocyte gene expression present in
differentiated cultures (Figures 2C and
2D). Taken together, these data indicate
that GFP driven by the Zfp423 locus
allows selection of functional preadipo-cyte populations from both the subcutaneous and epididymal
SV cultures.
Isolated Preadipocytes fromSubcutaneous and Visceral
SV Cultures Exhibit Distinct Cell-Surface Phenotypes
and Gene Expression Profiles
We next compared cultured GFP+ preadipocytes from both the
subcutaneous and visceral WAT depots. The cell-surface
expression of proteins previously regarded as WAT preadipo-
cyte markers in other studies was examined first using flow cy-
tometry. Two adipogenic populations from the nonhematopoetic
fraction from white adipose tissue depots have recently been
described (Rodeheffer et al., 2008); one population is CD29+;
CD34+; Sca1+; CD24–, while the other is CD29+; CD34+;
Sca1+; CD24+. Greater than 95%of cultured SV cells from either
depot were CD45– (data not shown). Thus, the plating of cells
provides a simple selection against most hematopoetic cells.
GFP+ preadipocytes from both inguinal and epididymal SV
cultures were CD45– and CD29+ (Figure S3A). CD34 expression
was not detected in any of the cells of SV culture; however, it is
known that CD34 expression is often lost in many cultured
adipose-derived stromal cells (Suga et al., 2009). Interestingly,
the cell surface expression of Sca1 in GFP+ preadipocytes
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Figure 2. GFP-Expressing Cells from Both
Subcutaneous and Visceral SV Cultures
Are Functional Preadipocytes
(A) Oil red O staining of purified GFP– and GFP+
cells from epididymal SV cultures 6 days after the
induction of adipocyte differentiation.
(B) Expression of adipocyte selective genes in the
differentiated cultures shown in (A).
(C) Oil red O staining of purified GFP– and GFP+
cells from inguinal SV cultures 6 days after the
induction of adipocyte differentiation.
(D) Expression of adipocyte selective genes in the
differentiated cultures shown in (C). n = 3 repli-
cates.
Error bars represent mean + SD from the mean.
* denotes p < 0.05 from Student’s t test. See also
Figure S2.
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Zfp423 Expression Identifies Adipose Precursorswas depot dependent; inguinal preadipocytes were Sca1+,
while epididymal preadipocytes were largely Sca1– (Figure S3A).
This is consistent with a recent study demonstrating that
Sca1+ cells from inguinal, but not epididymal, SVF differentiate
into fat cells (Schulz et al., 2011). The cell-surface expression
of CD24 in GFP+ preadipocytes was also depot dependent.
Most preadipocytes from inguinal SV cultures lacked CD24
expression. Notably, two distinct populations of GFP+ cells
were observed in epididymal cultures; 60% of the precursors
were CD24– and 40% were CD24+. Together, these data
suggest that the cell-surface phenotype of depot-specific prea-
dipocytes is distinct.
We next examined the mRNA levels of genes previously
described as preadipocyte enriched. Pparg, a gene enriched in
preadipose fibroblasts and a key transcriptional target of
Zfp423 in preadipocytes (Gupta et al., 2010), was enriched in
both epididymal and inguinal GFP+ cells compared to the
GFP– cells (Figure S3B). Primary preadipocytes from both
WAT depots showed enriched levels of Pparg1while the Pparg2
isoform was not detected. This is in striking contrast to 3T3
embryonic preadipocyte cell lines, where levels of the Pparg2
isoform, but not the Pparg1 isoform, correlate with adipogenic
capacity of the cells (Gupta et al., 2010). Some of the mRNAs
recently described by Tang et al. as being enriched in Pparg-
defined primary preadipocytes were elevated in GFP+ cellsCell Metabolism 15, 230–239from either the inguinal (Figure S3C) or
epididymal depot (Figure S3D), while
three of the six correlated with GFP
expression in both fat depots (Tang
et al., 2008). We also directly examined
the expression of Dlk-1 (Pref-1), a gene
commonly referred to as preadipocyte
marker (Sul, 2009). Dlk-1 mRNA was not
elevated in GFP+ SV cells. In fact, Dlk-1
gene expression was rather enriched in
GFP– epididymal SV cells as compared
to GFP+ cells from the same depot
(Figure S3B).
Many of previously suggested preadi-
pocyte markers were identified through
analyses of isolated precursors frompooled visceral and subcutaneous WAT depots (Rodeheffer
et al., 2008; Tang et al., 2008). The data above indicate that pre-
adipocytes from distinct WAT depots possess distinct gene
expression profiles. Thus, to define the molecular signatures of
WAT depot-specific preadipocytes and to elucidate a preadipo-
cyte signature common to both white preadipocyte subtypes,
we determined the global gene expression profiles of isolated
GFP+ and GFP– SV cells from both the inguinal and epididymal
fat depots. When comparing inguinal GFP+ SV cells to inguinal
GFP- SV cells we found only 112 unique genes significantly
differentially expressed with a magnitude of difference greater
than 2-fold (Figure 3A and Tables S1 and S2). In contrast, far
more genes (882 unique genes) were differentially expressed
between GFP+ SV cells and GFP– SV cells from epididymal
cultures (Figure 3B and Tables S3 and S4). This may be
explained by the differences in heterogeneity betweenGFP- cells
from these depots. Of the 34 genes whose expression is en-
riched in inguinal preadipocytes, 12 of these genes were also
enriched in epididymal preadipocytes (Figures 3C and 3D and
Table S5). Of the 78 genes whose expression is relatively
repressed in inguinal GFP+ SV cells, ten of thesewhere also rela-
tively reduced in epididymal preadipocytes (Figures 3C and 3E
and Table S5). Thus, these 22 genes define a core molecular
signature common to both primary visceral and subcutaneous
WAT preadipocytes. Most notable from the genes in this, February 8, 2012 ª2012 Elsevier Inc. 233
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Figure 3. Elucidation of a Core Preadipocyte Gene Program
(A and B) M versus A plot of gene expression data obtained from microarray analysis of GFP+ and GFP– SV cells from inguinal or epididymal depots.
‘‘M’’ represents intensity ratio [log2 GFP
+ – log2 GFP
–] and ‘‘A’’ represents average intensity value of the gene across all samples [1/23 (log2 GFP
+ + log2 GFP
–)].
Red spots represents genes significantly differentially expressed greater than 2-fold (p < 0.05).
(C) Venn diagram illustrating overlap between gene signatures derived from expression analysis of epididymal and inguinal GFP+ and GFP– cultures.
(D) Real-time PCR confirmation of the 12 genes depicted in (B) as being preadipocyte enriched genes.
(E) Real-time PCR confirmation of the 10 genes depicted in (B) as being enriched in nonadipogenic GFP– SV cells. n = 3 replicates.
Error bars represent mean + SD from the mean. * denotes p < 0.05 from Student’s t test. See also Figure S3 and Tables S1, S2, S3, S4, and S5.
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Figure 4. GFP+ Preadipocytes Reside in the
Adipose Vasculature as a Subset of Both Pericytes
and Capillary Endothelial Cells
(A and B) Confocal images of adult inguinal WAT stained
with antibodies recognizing GFP (red) and the endothelial
cell protein CD31 (green), with nuclei counterstained with
DAPI. In (A), note the expression of GFP in mature adipo-
cytes and in some blood vessels (*). In (B), note the
expression of GFP in a subset of perivascular cells (arrow)
and in a subset of endothelial cells (arrowhead) of the
blood vessel highlighted in (A).
(C) Confocal image of developing inguinal WAT from
postnatal day 4 mice stained with antibodies recognizing
GFP (red) and the endothelial cell protein CD31 (green).
Note the expression of GFP in a subset of perivascular
cells (arrow) and in a strong subset of endothelial cells
(arrowhead) even before the full development of mature
adipocytes at this stage.
(D and E) Confocal images of embryonic day 18.5 inter-
scapular BAT stained with the same antibodies shown in
(A)–(C). In (D), note the expression of GFP in mature
adipocytes and in numerous perivascular cells (arrows). In
(E), note the expression of GFP in a subset of endothelial
cells (arrowhead).
(F) Confocal image of skeletal muscle directly adjacent to
the interscapular BAT shown in (D) and (E). Note the
absence of GFP+ cells in the vasculature of this tissue.
See also Figure S4.
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Pparg target gene Fabp4. These data indicate active PPARg
signaling even in the preadipocyte stage, consistent with the
long-standing observations that treatment of 3T3 preadipocytes
with PPARg agonists alone is sufficient to initiate adipocyte
differentiation (Lehmann et al., 1995; Tontonoz and Spiegelman,
2008).
GFP Expression Localizes to a Subset of Pericytes and
Endothelial Cells of the Adipose Tissue Blood Vessels
The identification of Zfp423 as a functional marker of committed
adipocyte progenitors affords the opportunity to localize preadi-
pocytes within the developing adipose tissue in vivo. As
described above, adipose progenitors have long been thought
to reside in or near the vasculature of adipose tissue and have
been often referred to as specialized pericytes (Barnard, 1969;
Cinti et al., 1984, 1985; Hausman et al., 1980; Napolitano,
1963). To determine the localization of Zfp423-expressing
progenitors in white adipose tissue, we first performed indirect
immunofluorescence on sections of inguinal WAT from adult
mice with antibodies specific to GFP. As expected, GFP expres-
sion was found in lipid-containing adipocytes (Figure 4A). In
addition, GFP+ cells were located in or near some blood vessels
within the developing white adipose tissue (Figure 4A). A closer
inspection of the adipose vasculature reveals that GFP expres-
sion can be found in some mural cells lining the capillary endo-
thelium. Notably, we also found that a very small subset of
CD31+ capillary endothelial cells exhibited clear GFP expression
(Figure 4B). This observation was also clearly evident in the
developing inguinalWAT of newbornmice (postnatal day 4), prior
to appearance of fully mature adipocytes (Figure 4C). This
stands in contrast to Pparg, whose expression in the adipose
vasculature is confined to mural cells (Tang et al., 2008).Cell MSince Zfp423 is also abundantly expressed in brown adipose
tissue and is a critical regulator of brown preadipocyte Pparg
expression and brown adipose tissue development (Gupta
et al., 2010), we also examined GFP expression in the inter-
scapular BAT region of embryonic day 18.5 Zfp423GFP embryos
(Figure S4A). Likewise, GFP expression is found inmature adipo-
cytes as well as in some, but not all, blood vessels within the in-
terscapular BAT (Figure 4D). At this embryonic stage, numerous
GFP+ cells in brown adipose tissue can be observed lining the
capillaries and appear to be endothelium (Figure 4E). Confocal
analysis of sections incubated with antibodies recognizing GFP
and the pericyte marker, PDGFRb, clearly demonstrated that
GFP expression is found in some, but not all, PDGFRb+ pericytes
along these blood vessels (Figure S4B), providing additional
evidence to the hypothesis that preadipocytes are specialized
pericytes. In addition, a small subset of CD31+ capillary endothe-
lial cells in this depot also exhibited clear GFP expression (Fig-
ure 4E). Importantly, GFP+ endothelial cells were only found in
the same adipose capillaries containing GFP+ pericytes and
neither GFP+ pericytes nor GFP+ endothelial cells were de-
tected in the vasculature of the developing skeletal muscle of
these same embryos (Figure 4F and Figure S4A).
DISCUSSION
The ability to localize and purify functional progenitor cells is
essential to fully understand how any tissue or organ is normally
formed during development. Given the current epidemic of
obesity and related disorders, this need is particularly acute for
adipose tissues. The stromal vascular cells of adipose tissue
have long been considered a rich source of adipose progenitors
(Hauner et al., 1989; Reyne et al., 1989; Van et al., 1976). Primary
cultures of SV cells obtained from adult adipose tissue containetabolism 15, 230–239, February 8, 2012 ª2012 Elsevier Inc. 235
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tion; however, functional markers that define the preadipose
fibroblast have been lacking. The identification of Zfp423 as
a preadipocyte determination factor afforded an excellent
opportunity to isolate committed and functionally relevant
adipose progenitors. Here, we demonstrate through the use of
Zfp423GFP transgenic mice that Zfp423/GFP expression defines
the preadipocyte population among fibroblastic cells of adult
adipose depots.
Current cell-sorting strategies to enrich for adipose progeni-
tors rely on combinations of antibodies positively selecting for
cell-surface proteins commonly expressed in progenitor popula-
tions and negatively selecting against well-defined nonadipose
cells (e.g., immune cells). These methods have been successful
in collecting highly adipogenic and proliferative populations that
differentiate in vitro and can reconstitute adipose tissue in lipo-
dystrophic mice in vivo (Rodeheffer et al., 2008). Cultured
GFP+ preadipocytes from Zfp423GFP transgenic mice express
many of the cell-surface proteins present in the populations
described by Rodeheffer et al.; however, the precise expression
pattern of these proteins appears fat-depot dependent. It is
worth noting that in the sorting experiments described here,
both GFP+ and GFP– cells were collected from cultures of
primary SV cells. We cannot exclude the possibility that this
approach is associated with potential artifacts due to the initial
expansion of SV cells in culture; however, our experience is
that all cells directly sorted from freshly isolated SVF differentiate
poorly and their numbers are, of course, much more limited. It is
also important to note that in this study we evaluate Zfp423 as
a functional marker of preadipose fibroblasts residing within
the stromal fraction of adipose tissue and within the adipose
tissue vasculature in vivo. These are the most likely locations
of the functional adipose progenitors that contribute to the
development or expansion of adipose tissues. Adipose progen-
itors residing outside the adipose tissue have been suggested
(Crossno et al., 2006; Majka et al., 2010, 2011); whether
Zfp423 is expressed in these cell populations is not known.
We previously demonstrated that Zfp423 and Pparg are en-
riched in preadipose 3T3 fibroblasts and that Zfp423 functions
to regulate Pparg expression in these cells (Gupta et al., 2010).
Consistent with this model, Pparg expression is enriched in
primary Zfp423-expressing SV cells. Tang et al. genetically
labeled functional adipose progenitors through expression of
GFP from the Pparg locus (Tang et al., 2008). It is likely that
GFP+ preadipocytes isolated from our model overlap with these
Pparg-defined adipose progenitors. In fact, many of these genes
described by Tang et al. as preadipocyte enriched are also en-
riched in GFP+ preadipocytes from Zfp423GFP transgenic
mice. Unlike Zfp423, however, Pparg expression is robustly
and quickly elevated during the initial stages of the adipocyte
differentiation process (Chawla et al., 1994; Tontonoz et al.,
1994). Hence, selection for the highest expressing Pparg+ cells
from the SV fraction of adipose tissue may bias the purification
toward cells further along the adipose lineage.
Within the adipose tissue we localize GFP+ preadipocytes to
a subset of pericytes in some, but not all, adipose blood vessels.
We do not detect the presence of GFP+ cells in the vasculature
of skeletal muscle and other tissues surrounding the developing
interscapular fat in embryos. However, it is not possible to236 Cell Metabolism 15, 230–239, February 8, 2012 ª2012 Elsevier Inexclude that GFP+ pericytes, similar to Pparg+ pericytes, arise
in the vasculature of other tissues in older animals (Tang et al.,
2008). Interestingly, GFP+ preadipocytes in both BAT and WAT
depots reside in the vasculature. This data suggest that despite
the distinct origin of WAT and classical BAT depots during early
embryogenesis (Seale et al., 2008), committed brown and white
adipocytes may independently pass through a pericyte lineage.
Importantly, Zfp423 appears to be actively expressed in
a crucial subset of endothelial cells in the developing and adult
adipose tissues. The presence of this preadipocyte determina-
tion factor in a subset of adipose endothelial cells, but not in
endothelial cells of other embryonic tissues examined, suggests
that Zfp423+ endothelial cells may contribute to the adipose
lineage. In fact, such cells may represent the ‘‘birth place’’ of
the first cells committed to this lineage. Of note, isolated adipo-
cytes can dedifferentiate in culture into functional endothelial
cells, strongly suggesting a developmental relationship between
these two lineages (Planat-Benard et al., 2004). Notably, Medici
et al. demonstrated that mesenchymal cells derived from a
BMP-dependent endothelial-mesenchymal transition have adi-
pogenic capacity (Medici et al., 2010).We have previously shown
that Zfp423, a known coactivator of SMAD transcription factors,
amplifies the proadipogenic and Pparg-inducing actions of BMP
signals (Gupta et al., 2010; Hata et al., 2000) Thus, Zfp423+
endothelial cells may undergo an endothelial-mesenchymal
transition into Zfp423+; Pparg+ pericytes that serve as a pool
of committed preadipocytes. Consistent with this model, elec-
tron microscopy analyses by Cinti and colleagues demonstrated
that a small number of endothelial cells of the adipose vascula-
ture exhibited morphological markers characteristic of devel-
oping adipose cells, such as large mitochondria packed with
long cristae and small lipid droplets which were not observed in
most other endothelial cells (Cinti and Morroni, 1995; Tran et al.,
2012). Importantly, Tran et al. now provide genetic evidence that
adipocytes derive from cells once expressing Cadh5, a gene
widely regarded as an endothelial cell marker (Tran et al., 2012).
The Zfp423 mice described here allow for the use of a single
marker to separate preadipocytes from nonadipogenic cells
within stromal-vascular cultures. Zfp423GFP mice, which will be
made widely available, (see the Experimental Procedures)
provide a tool for the study of adipogenesis. The gene signatures
distinguishing depot-specific preadipocytes may represent
a starting point for determining the gene programs that drive
the formation depot-specific adipocytes. Comparing preadipo-
cytes to non-adipogenic fibroblasts may shed light on the mech-
anisms controlling preadipocyte commitment and Zfp423
function. In addition, visualization of GFP expression within the
adipose vasculature of Zfp423GFP mice provides a simple
method to localize committed adipose progenitors in vivo under
different physiological conditions. The ability to localize and
purify preadipocytes should aid in discovering the mechanisms
that drive the development and physiological regulation of
adipose tissue.EXPERIMENTAL PROCEDURES
Generation of Zfp423GFP Mice
The BAC clone RP23-102G4, containing 150 kb and 50 kb of DNA flanking
the 50 and 30 ends of exon 1 of Zfp423, respectively, was obtained fromc.
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cassette was inserted at the initiation codon of the Zfp423 coding sequence,
which is located within exon 1, by the use of standard BAC recombineering
techniques (see the Supplemental Experimental Procedures) (Warming
et al., 2006). Purified Zfp423GFP BAC DNA was microinjected into fertilized
embryos by the Beth Israel Deaconess Medical Center Transgenic Core
Facility via standard pronuclear injection techniques. Founder mice carrying
the BAC transgene and subsequent offspring were identified by PCR with
forward primer 50-aagggcatcgacttcaaggag-30 and reverse primer 50-
gatgccgttcttctgcttgtc-30, yielding a 108 bp product. Two faithfully expressing
founder lines were produced and all offspring appeared grossly normal.
All animal experiments were performed according to procedures approved
by the Dana-Farber Cancer Institute’s and Beth Israel Deaconess Medical
Center’s Institutional Animal Care and Use Committee. Mice were maintained
on a standard rodent chow diet with 12 hr light and dark cycles. For timed
matings, the first appearance of vaginal plugs was designated as E0.5.
Zfp423GFP mice will be deposited to Jackson laboratories.
FACS Analysis
FACS experiments were carried out on a FACSAria flow cytometer (Dana-
Farber Cancer Institute Flow Cytometry Core Facility). In brief, subconfluent
SV cultures passaged three to four times after the initial fractionation were
trypsinized, centrifuged, resuspended in 2% FBS/PBS at a concentration of
106 cells/ml, and then filtered through a 40 mm strainer. For sorting, cells
were initially selected by size, on the basis of forward scatter (FSC) and side
scatter (SSC). Dead or dying cells were excluded on the basis of uptake of pro-
pidium iodide. Live cells were then gated on both SSC and FSC singlets,
ensuring that individual cells were analyzed. SV cultures from wild-type mice
were used to determine background fluorescence levels. Cells were sorted
into PBS containing 2% FBS and antibiotics and then returned to culture in
complete SV culture medium. Antibodies used for flow cytometry analysis
can be found in the Supplemental Experimental Procedures.
Gene Expression Profiling
Total RNA extraction, complementary DNA synthesis, and real-time PCR
analysis were performed as previously described (Gupta et al., 2010). Relative
expression of mRNAs was determined after normalization to Rps18 levels via
the DD-Ct method. A Student’s t test was used to evaluate statistical signifi-
cance. All primer sequences are available upon request. For microarray
analysis, total RNA was isolated from indicated cells in triplicate. Array hybrid-
ization and scanning were performed by the Dana-Farber Cancer Institute
Core Facility using Affymetrix GeneChip Mouse Genome 430A 2.0 arrays
according to established methods (Lockhart et al., 1996). The array data
were normalized and analyzed using the DNA-Chip Analyzer (dChip) software
(Li and Wong, 2001).
SV Culture and Adipocyte Differentiation Assays
Inguinal or epididymal SV fractions were obtained from 6- to 8-week-old male
mice according to standard procedures (see the Supplemental Experimental
Procedures). For adipocyte differentiation assays, SV cells were plated onto
collagen-coated dishes and grown to confluence in SV culture medium
(DMEM/F12 [1:1 Invitrogen] plus Glutamax, Pen/Strep, and 10% FBS [Omega
Lot #152071]). At confluence, cells were exposed to the adipogenic cocktail
containing dexamethasone (1 mM), insulin (5 mg/ml), isobutylmethylxanthine
(0.5 mM) (DMI) and rosiglitazone (1 mM) in SV culture medium. Forty-eight
hours after induction, cells were maintained in SV culture medium containing
insulin (5 mg/ml) and rosiglitazone (1 mM) until harvest. Oil red O staining was
performed as previously described (Jimenez et al., 2007). Lipid staining of
adipocyte cultures was performed using LipidTox Red neutral lipid stain (Invi-
trogen) according to the manufacturer’s instructions.
Histological Analysis of Adipose Tissues
Histological analysis of embryonic or newborn adipose tissue was performed
on decapitated embryos or neonates which were fixed in 4% paraformalde-
hyde for 24 hr, equilibrated in 30% sucrose for 24 hr, then embedded in
OCT freezing medium. Cryosections of the interscapular region of E18.5
embryos were used for indirect immunofluorescence staining of embryonic
BAT (see Figure S4). Cryosections of the lower abdominal region of 4-day-Cell Moldmicewere used for indirect immunofluorescence staining of the developing
inguinal WAT. For histological analysis of adult adipose tissue, adult mice (4 to
5 weeks old) were first perfused with 4% paraformaldehyde and then
dissected inguinal WAT was further fixed in 4% formaldehyde for an additional
24 hr. After fixation, tissues were equilibrated in 30% sucrose for 24 hr,
embedded in OCT freezing medium, and then cryosectioned. A detailed
protocol for indirect immunofluorescence assays can be found in the Supple-
mental Experimental Procedures.
Statistical Analysis
In all figures, bars represent mean ± SD from themean. * denotes p < 0.05 from
Student’s t test.
ACCESSION NUMBERS
Complete microarray data have been deposited to Gene Expression Omnibus
(GEO). The accession number for this dataset is GSE34775.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and five tables and can be found with this article online at
doi:10.1016/j.cmet.2012.01.010.
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